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ABSTRACT We report investigations of themorphology andmolecular structure of amyloid ﬁbrils comprisedof residues10–40of
the Alzheimer’s b-amyloid peptide (Ab10–40), prepared under various solution conditions and degrees of agitation. Omission of
residues 1–9 from the full-length Alzheimer’s b-amyloid peptide (Ab1–40) did not prevent the peptide from forming amyloid ﬁbrils or
eliminate ﬁbril polymorphism. These results are consistent with residues 1–9 being disordered in Ab1–40 ﬁbrils, and show that ﬁbril
polymorphism is not a consequence of disorder in residues 1–9. Fibril morphology was analyzed by atomic force and electron
microscopy, and secondary structure and inter-side-chain proximity were probed using solid-state NMR. Ab1–40 ﬁbrils were found
tobe structurally compatiblewithAb10–40: Ab1–40 ﬁbril fragmentswereused to seed thegrowth ofAb10–40 ﬁbrils, with propagation of
ﬁbril morphology and molecular structure. In addition, comparison of lyophilized and hydrated ﬁbril samples revealed no effect of
hydration on molecular structure, indicating that Ab10–40 ﬁbrils are unlikely to contain bulk water.
INTRODUCTION
Amyloid ﬁbrils are ﬁlamentous protein aggregates that can
be formed by a large and diverse class of polypeptides (1–3).
Deposition of amyloid ﬁbrils occurs in .20 diseases (4,5),
including several that are major public health problems, such
as Alzheimer’s disease, type 2 diabetes, Parkinson’s disease,
and transmissible spongiform encephalopathies. Amyloid
ﬁbrils are distinguished from other types of protein ﬁbrils
by the presence of a cross-b structural motif, established
by x-ray ﬁber diffraction (4). Other aspects of the molecular
structures of amyloid ﬁbrils have been largely mysterious
until recent studies using solid-state NMR (6–12), electron
paramagnetic resonance (13–15), hydrogen exchange (16–
18), and biochemical methods (19–21). Data from these
techniques have been used to develop experimentally based
structural models for amyloid ﬁbrils (8,10,18,20,22–24),
including ﬁbrils formed by the 40-residue b-amyloid peptide
associated with Alzheimer’s disease (Ab1–40) (8,20).
It has been demonstrated by electron microscopy (EM)
and atomic force microscopy (AFM) that a single peptide or
protein can form amyloid ﬁbrils with several distinct mor-
phologies (25–27). Recent solid-state NMR and EM studies
of Ab1–40 ﬁbrils have shown that different morphologies
have somewhat different underlying molecular structures,
that the morphology and molecular structure can be con-
trolled by subtle variations in ﬁbril growth conditions (at
ﬁxed temperature, buffer conditions, and peptide concentra-
tion), and that both the ﬁbril morphology and the molecular
structure are self-propagating when ﬁbrils are grown from
preexisting seeds (9). Structural and morphological variabil-
ity is most likely the molecular basis for the phenomenon of
strains in prion diseases (19,28–31), and may play a role in
amyloid diseases (9). It seems likely that different ﬁbril mor-
phologies result from different ﬁbril nucleation events, with
particular growth conditions capable of favoring one nucle-
ation event and its subsequent propagation. A detailed un-
derstanding of the inﬂuence of growth conditions on ﬁbril
formation, morphology, and molecular structure has not
been achieved, and the full variety of ﬁbrillar structures and
morphologies that could be formed from a single peptide
sequence is largely unexplored.
In this article, we investigate polymorphism in amyloid ﬁ-
brils formed by residues 10–40 of the full-length Alz-
heimer’s b-amyloid peptide (Ab10–40). Ab10–40 contains all
the structure-forming peptide segments of the full-length
sequence, and lacks only the N-terminal segment previously
determined to be unstructured in Ab1–40 ﬁbrillar assemblies
(6,8,9,11,16,17,32). Peptide fragments of Ab1–40 with
N-terminal truncations have been shown to form amyloid
ﬁbrils (33). Our investigations of Ab10–40 ﬁbrils weremotivated
originally by the hypothesis that deletion of the unstructured
N-terminal segment might lead to a lower propensity for
polymorphism and a higher overall level of structural order
(and, hence, sharper lines in solid-state NMR spectra). We
present EM, AFM, and solid-state NMR data for Ab10–40
ﬁbril samples grown from unseeded peptide solutions, with
variations in the pH and degree of agitation of the solutions.
These data show that Ab10–40 ﬁbrils exhibit polymorphism
similar to that previously reported for Ab1–40 ﬁbrils. Thus,
polymorphism is not driven by the presence of the disordered
N-terminal segment. We also present EM, AFM, and solid-
state NMR data for ﬁbrils grown from an Ab10–40 solution
containing sonicated fragments of Ab1–40 ﬁbrils (i.e., a
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cross-seeding experiment). These data show that the mor-
phology andmolecular structure of theAb1–40 seeds are trans-
ferred to the Ab10–40 ﬁbrils, reinforcing existing evidence
that the N-terminal segment does not play a role in the ﬁbril
structure.
In addition, we describe the effects of hydration on the
atomic structures of Ab10–40 ﬁbrils, as revealed by two-
dimensional (2D) solid-state 13C NMR spectra. At all 13C-
labeled sites, lyophilized ﬁbrils exhibited chemical shifts in
good agreement (within ;0.25 ppm) to those of hydrated
ﬁbrils, with marginal (#0.3 ppm) narrowing of most NMR
lines. We therefore conclude that removal of water does not
change basic ﬁbril structures. This result shows that previous
suggestions that amyloid ﬁbrils may be tubular structures
ﬁlled with water (34,35) do not apply to Ab10–40 ﬁbrils and
may not apply to ﬁbrils formed by other peptides with similar
sequences.
METHODS
Peptide preparation
Ab10–40 (sequence YEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV)
was synthesized by ﬂuorenylmethoxycarbonyl chemistry with H-benzo-
triazol-1-yl-tetramethyluronium hexaﬂuorophosphate activation, using an
Applied Biosystems automated peptide synthesizer (Foster City, CA) and
procedures similar to those described previously for Ab1–40 (8,9). Uniformly
13C- and 15N-labeled residues were placed at F19, V24, G25, A30, I31, and
L34. These residues were chosen because of the sensitivity of their 13C NMR
chemical shifts to morphological variations in earlier studies of Ab1–40
ﬁbrils (9). The peptide was puriﬁed by reverse-phase high-performance
liquid chromatography at 55C, using a Vydac C18 column (Hesperia, CA)
and a water/acetonitrile gradient with 0.1% triﬂuoroacetic acid. The purity of
the ﬁnal product was estimated at.95%, using electrospray ionization mass
spectrometry. Amyloid ﬁbrils were formed from aqueous solution at the
concentrations and pH listed in Table 1. For the solutions at pH 7.5, the
pH was set by a 10-mM NaH2PO4/Na2HPO4 buffer. The pH 2.76 solution
was made acidic by dropwise addition of dilute acetic acid. All solutions
also contained 0.01% NaN3.
Fibril formation
All samples were grown at room temperature from solutions of Ab10–40,
dissolved in 50 mL polypropylene tubes (BD Biosciences, Franklin Lakes,
NJ) by inverting the tubes and vortexing. Complete elimination of visible
undissolved peptide also required several minutes of sonication in a bath
sonicator (ultrasonic cleaner, Cole-Parmer, Vernon Hills, IL) Protein ag-
gregation was monitored by eye (solution cloudiness) and by AFM (see
below).
Fibril formation was allowed to occur under the conditions listed in Table
1. Five Ab10–40 ﬁbril samples were examined by EM and solid-state NMR.
A ﬁbril sample was deemed ready for NMR analysis when AFM and EM
images showed predominantly long (.1 mm) ﬁbrils with few (,;5% of
visible material) small (5–10 nm) spherical aggregates. Samples 1–4 were
grown without seeding. The ‘‘continuously sonicated’’ sample (sample 1)
was kept in the bath sonicator after peptide dissolution was complete;
continued sonication induced a return of cloudiness due to ﬁbril formation
within ;30 min. The ‘‘quiescent’’ sample (sample 2) was distributed into
dialysis tubes after dissolution (1 kDa cutoff, Spectrum Laboratories,
Madison, WI), and placed into a bath of pH 7.5 buffer (10 mM phosphate,
0.01% NaN3). This sample was kept in dialysis tubes for 3 months before
EM and NMR analysis. The ‘‘agitated’’ samples (samples 3 and 4) were
placed horizontally on an orbital shaker platform (VWR, Chester, PA) in
their polypropylene tubes immediately after peptide dissolution, and sub-
jected to gyration in the horizontal plane at ;1 Hz with a radius of travel of
;4 cm. Agitated samples were observed via AFM to be heavily ﬁbrillar
within a few days.
Fibrils in sample 5 were created by addition of an Ab1–40 seed solution
(5% by number of peptide molecules) into a solution of dissolved Ab10–40
peptide. The Ab1–40 ﬁbrils were fragmented into seeds ;200 nm in length
by vigorously sonicating an initially cloudy ﬁbril solution until it was clear
(;10 min). The parent Ab1–40 ﬁbrils were originally grown under ‘‘agi-
tated’’ conditions; Ab1–40 ﬁbrils from the same original solution were the
subject of previous investigations (9). Upon mixing the seed solution into
the Ab10–40 peptide solution (with both solutions initially transparent), the
mixture rapidly became cloudy (;1 min), indicating that the seeds induced
Ab10–40 ﬁbril formation; this assertion is further supported by AFM, EM,
and NMR data discussed below.
Even at lower peptide concentrations than employed previously for Ab1–
40 ﬁbril preparations (see Table 1) (8,9), we found it difﬁcult to dissolve the
Ab10–40 peptide without the appearance of detectable (via AFM and EM)
ﬁbrillar aggregates in solution immediately after dissolution. Based on the
density of ﬁbrils in AFM and EM images, we estimate that ﬁbrils that were
present immediately after dissolution account for ,0.1% of the Ab10–40
molecules in solution. Despite this difﬁculty, Ab10–40 ﬁbrils formed unin-
tentionally during or before dissolution did not necessarily dominate sub-
sequent ﬁbril growth. For example, AFM images discussed below show that
the addition of Ab1–40 ﬁbril seeds dramatically increased the number of
ﬁbrillar Ab10–40 aggregates detected shortly afterward, indicating that most
Ab10–40 ﬁbrils grew from the Ab1–40 seeds rather than from preexisting
Ab10–40 ﬁbrils. Furthermore, the effects of solution conditions on EM and
NMR data from unseeded ﬁbrils, as discussed below, indicate that initial
distribution of peptide aggregates is not the sole determinant of Ab10–40
ﬁbril morphology and structure.
Electron microscopy
EM images were recorded at 26,0003 magniﬁcation with a Philips/FEI
transmission electron microscope (Amsterdam, The Netherlands) with a
Gatan imaging ﬁlter (Pleasanton, CA) and a CCD camera. To prepare EM
samples, small aliquots (;5 ml) of Ab10–40 solutions were diluted 10-fold
with deionized water before being deposited onto freshly glow-discharged
TABLE 1 Ab10–40 ﬁbril growth conditions and morphological properties assessed from negative stain transmission
EM measurements
Sample
Ab10–40 concentration
during growth (M)
pH during
growth Growth conditions
Apparent subunit
width (nm)
Observable subunits
per ﬁbril
Fibril twist
period (nm)
1 200 mM 7.5 Continuously sonicated Unclear Unclear ;40
2 75 mM 7.5 Quiescent 5–6 2–4 50–100
3 50 mM 7.5 Agitated 5–6 2–7 –
4 200 mM 2.76 Agitated 5 2–10 –
5 50 mM 7.5 Seeded with Ab1–40 ﬁbril fragments 5–6 2–5 –
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carbon ﬁlms. The carbon ﬁlms were supported by lacy Formvar/carbon ﬁlms
on 200-mesh copper grids. Drops of diluted ﬁbril solution, 5 mL in volume,
were allowed to sit for 2 min on the carbon surfaces, and then excess ﬂuid
was blotted away. The carbon surfaces were then rinsed by applying 5-mL
drops of deionized water for 1 min to remove any nonﬁbrillar material such
as buffer. Finally, the samples were negatively stained by applying 5 mL of
1% uranyl acetate for 1 min.
Most of the Ab10–40 ﬁbrils deposited as dense clumps on the carbon
ﬁlms, making it difﬁcult to evaluate their morphologies using EM. We
therefore also obtained EM images of aliquots from ﬁbril solutions that were
sonicated for a series of durations near 1 min to break up clumps of ﬁbrils.
Morphology distributions within each sample were evaluated by analyzing
EM images of ﬁbril fragments from these sonicated aliquots (see below).
Atomic force microscopy
AFMmeasurements were performed in air on freshly cleaved mica surfaces,
using a Veeco Multimode microscope operating in tapping mode with
Veeco NanoProbe tips (10-nm nominal tip radius of curvature, Veeco,
Woodbury, NY). To promote adhesion of ﬁbrils to the negatively charged
mica surfaces, the pH of small aliquots of Ab10–40 ﬁbril solutions was
lowered to 2.8 by 10-fold dilution with a dilute acetic acid solution. Acid-
iﬁed solutions were applied to the mica surfaces in 50-ml drops, allowed to
adsorb for 2 min, then allowed to dry in air after removal of excess solution.
Solid-state NMR
For solid-state NMR experiments, ﬁbril solutions were concentrated via
ultracentrifugation for 35 min at 175,000 3 g acceleration and subsequent
removal of supernatant. In some cases, pelleted ﬁbrils were resuspended in
deionized water and then lyophilized. Samples were packed into 3.2 mm
Varian magic-angle spinning (MAS) rotors (Varian, San Carlos, CA). For
measurements on fully hydrated ﬁbrils, wet ultracentrifuge pellets were
sealed into MAS rotors using Krazy glue (gel formula) around the rotor caps.
Sample mass was measured before and after NMR experiments to ensure
that water had not escaped. Typical NMR rotors contained 3-6 mg of ﬁbrillar
material. Lyophilization of ﬁbril samples allowed more material to be placed
into the rotor, resulting in higher signal-to-noise ratios in the solid-state
NMR spectra.
Solid state NMR spectra were recorded in a 14.1 T magnetic ﬁeld (1H
frequency 599.2 MHz, 13C frequency 150.7 MHz). Samples were charac-
terized by two 2D solid-state 13C NMR techniques. Both techniques employ
1H-13C cross-polarization for signal enhancement and 110 KHz 1H de-
coupling with two-pulse phase modulation (36) during the evolution (t1) and
signal-detection (t2) periods. The techniques differ in the method of
13C-13C
dipolar recoupling during the exchange period between t1 and t2, and thus in
the maximum length scales of detected interatomic chemical shift correla-
tions (crosspeaks). The ﬁrst recoupling method, ﬁnite-pulse radiofrequency-
driven recoupling (fpRFDR), yields 2D NMR spectra with strong crosspeaks
between chemical shifts of directly-bonded 13C atoms (37). Weaker two-
bond crosspeaks are also observable. The fpRFDR pulse sequence was
implemented with MAS at 20.0 kHz, an exchange period of 3.2 ms (64 rotor
periods), and a p pulse width of 15.0 ms. Each 2D fpRFDR spectrum was
the result of 24–36 h of signal averaging. Chemical shift assignments were
obtained by tracing the crosspeak connectivity pathways in 2D fpRFDR
spectra.
To obtain interatomic correlations that extend to longer length scales,
additional 2D solid-state 13C NMR spectra were obtained using radiofre-
quency-assisted diffusion (RAD, also known as dipolar assisted rotational
resonance) (38,39). With a 500-ms exchange period, 2D RAD experiments
yielded longer-range correlations, such as those between 13C atoms on
proximate side chains. Of particular interest to the present analysis are cor-
relations between the spectrally isolated (between 140 and 120 ppm)
aromatic 13C atoms on F19 and aliphatic 13C atoms on other labeled resi-
dues. TheMAS speed was set to 18.3 KHz (121.5 ppm) to place the aromatic
and methyl 13C signals near rotational resonance while avoiding spectral
overlap between aromatic spinning sidebands and methyl peaks. Each 2D
RAD spectrum was the result of 24–36 h of signal averaging.
Precise 13C chemical shift values and 13C MAS NMR linewidths were
determined from 2D fpRFDR spectra by ﬁtting of Gaussian functions to
crosspeaks using nonlinear least-squares regression in Mathematica. Asym-
metric crosspeaks from some signals were assumed to be representative of
multiple structurally distinct sites for a single residue, and were ﬁt to sums of
multiple Gaussian functions. Chemical shifts extracted from these ﬁts are
reported relative to tetramethylsilane, calibrated with an external adamant-
ane reference.
RESULTS
Ab10–40 forms ﬁbrils with morphologies that
depend on growth conditions
As shown in Fig. 1, all ﬁbrils appear to be composed of
multiple strands, associated in parallel or twisted around
one another. We call these strands subunits, but comment
that transmission EM images lack the resolution to resolve
b-sheets within a ﬁbril cross section. Subunits observed in
transmission EM images therefore do not necessarily cor-
respond to protoﬁlaments, which were deﬁned previously as
minimal ﬁbril structural units that could exist in isolation (9).
As a basis for comparison, we deﬁne morphology based on
FIGURE 1 Transmission EM images of ﬁbril samples,
sonicated before deposition onto carbon ﬁlms. For each
sample, a single ﬁbril of the most common morphology is
shown at fourfold magniﬁcation. Features within magni-
ﬁed ﬁbrils that are interpreted as ﬁbril subunits are marked
with dashed lines and arrows.
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the set of parameters listed in Table 1, which describe EM-
derived apparent subunit dimensions and geometry of sub-
unit association. Observed periodic modulation in the total
widths of some ﬁbrils is interpreted as twist due to the in-
tertwining of subunits (9,25,26); we also measured consis-
tent modulations in ﬁbril height and width via AFM, as
shown in Fig. 2. Subunits within untwisted ﬁbrils tended to
be found in larger groups, resulting in a ribbonlike ﬁbrillar
appearance. Previous scanning transmission EM measure-
ments have shown that twisted (‘‘quiescent’’) Ab1–40 ﬁbrils
have protoﬁlaments with three peptide molecules per cross
section, whereas untwisted (‘‘agitated’’) Ab1–40 ﬁbrils have
protoﬁlaments with two peptide molecules per cross section
(9).
Each sample exhibited a dominant ﬁbril morphology
(a single morphology possessed by the majority of ﬁbrils in
a sample), which varied between samples. Due to the tendency
of Ab10–40 ﬁbrils to be found in dense clumps, the dominant
morphology was best assessed when clumps were dispersed
by sonication for 20–60 s (several minutes for sample 3)
before deposition onto carbon surfaces. Without sonication,
ﬁbril morphology was clearly visible by EM only in regions
outside ﬁbril clumps; these regions were not necessarily
representative of the dominant morphologies in the sample.
Sonication decreased the apparent morphological heteroge-
neity in EM images, suggesting a tendency for ﬁbrils with
minority morphologies to be excluded from ﬁbril clumps.
Fig. 1 shows a transmission EM image of a sonicated aliquot
of each sample. Even after sonication, sample 2 exhibited the
most evidence of morphological heterogeneity, and con-
tained signiﬁcant numbers of ﬁbrils with minority morphol-
ogies characterized by variable twist periods. For unknown
reasons, sample 3 did not show ﬁbrils in EM images without
several minutes of sonication. Instead, for unsonicated prep-
arations we detected several deposits on the carbon surface
with no discernable structure. As the 2D fpRFDR NMR
spectrum (chemical shifts, NMR lineshape sharpness indicat-
ing structural order) of sample 3 is consistent with amyloid
ﬁbrils, these deposits were most likely strongly-associated
ﬁbrils that were only detectable after sonication. For all the
samples, sonication disrupted ﬁbril clumps and broke ﬁbrils
into fragments between 50 and 300 nm in length. Table 1
summarizes the dominant morphologies in EM images of
sonicated aliquots of ﬁbril growth solutions.
Ab1–40 ﬁbrils can seed the growth of Ab10–40
ﬁbrils, with propagation of ﬁbril morphology
Sample 5 was grown from a freshly dissolved Ab10–40
solution to which sonicated fragments of Ab1–40 ﬁbrils were
added. The Ab1–40 ﬁbrils had been grown with agitation as
previously described (9). Addition of Ab1–40 ﬁbril fragments
to dissolved Ab10–40 (both solutions initially transparent)
induced a rapid ﬁbril growth as judged by the increased
turbidity of the mixture. Fig. 3 shows AFM images of aliquots
of the Ab10–40 solution extracted immediately before and
after addition of the Ab1–40 ﬁbril fragments; both of these
aliquots were allowed to sit for 15 min before AFM mea-
surement, allowing some time for ﬁbril seeds to propagate.
The AFM data indicate that addition of Ab1–40 ﬁbril frag-
ments produced a rapid increase in the concentration of ag-
gregated Ab10–40. We subsequently observed via EM that
these aggregates were ﬁbrils whose predominant ﬁbril mor-
phology matches that of agitated Ab1–40 ﬁbrils (see Fig. 1
and Table 1) (9). Thus, we ﬁnd that Ab1–40 ﬁbril fragments
seeded the growth of Ab10–40 ﬁbrils, and that the morphol-
ogy of the Ab1–40 ﬁbril seeds propagated to the resulting
Ab10–40 ﬁbrils.
Solid-state NMR spectra indicate molecular-level
structural variations in Ab10–40 ﬁbrils
Comparison of 2D fpRFDR NMR spectra from different
samples is a means of assessing secondary structures and de-
grees of structural similarity at the molecular level. As is well
FIGURE 2 AFM images of samples 1 (left) and 4 (right), which show
ﬁbril morphologies in agreement with EM measurements. AFM images
show that sample 1 contains ﬁbrils with a twist period (modulation in height
between 6 and 8 nm) of roughly 40 nm. Sample 4 contains a majority of
ﬁbrils with heights between 5 and 7 nm and no apparent twist, and a minority
population of twisted ﬁbrils.
FIGURE 3 AFM images of the sample 5 growth solution, sampled
immediately before (left) and after (right) seeding with Ab1–40 ﬁbril
fragments. Both solutions were allowed to sit for roughly 15 min before
being applied to mica surfaces for AFM measurement. The image on the left
indicates the presence of ﬁlamentous aggregates in the initial peptide
solution, but the larger surface coverage on the right shows that the addition
of seeds greatly accelerated peptide aggregation.
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known (40), 13C chemical shifts are sensitive to variations in
local molecular conformation and structural environment. In
particular, we assume b-strand secondary structure to be
indicated by a simultaneous shift for the carbonyl and a- and
b-carbons of at least 0.5 ppm, negative for the carbonyl and
Ca resonances and positive for the Cb resonance, relative to
the same amino acid within a random-coil peptide in aqueous
solution (8,9,40). In addition, 13C MAS NMR linewidths are
sensitive to local structural disorder in rigid solids, with
greater disorder producing greater inhomogeneous broaden-
ing. Rapid molecular motions also affect 13C MAS NMR
linewidths, reducing inhomogeneous broadening through
motional averaging.
Fig. 4 shows the full 2D fpRFDR spectrum of sample 5,
illustrating the ease of chemical shift assignments and the
signal-to-noise ratio of 2D fpRFDR spectra of our Ab10–40
samples. Fig. 5 shows aliphatic regions of the 2D fpRFDR
spectra of all the samples, including the Ab1–40 ﬁbrils used to
seed sample 5. Variations of crosspeak positions in these
spectra are apparent relative to the ‘‘3’’ marks, which indi-
cate the crosspeak positions for the Ab1–40 ﬁbrils. Crosspeak
positions were numerically evaluated via nonlinear least-
squares ﬁtting to Gaussian lineshapes. Some peaks (such as
the circled V24 Cb-Cg crosspeak) exhibit compound line-
shapes that required ﬁtting to the sum of multiple Gaussian
functions, indicated by multiple ‘‘3’’ marks in close prox-
imity. Tables 2 and 3 summarize chemical shifts and line-
widths for all 13C-labeled sites in all samples.
Fig. 5 also reports for each sample the root-mean-squared
deviation of Ab10–40 ﬁbril crosspeak positions from the
corresponding positions of Ab1–40 ﬁbril crosspeaks. The best
agreement with the Ab1–40 spectrum was found in the
spectrum of sample 5. This spectroscopic similarity suggests
that the molecular structure of the Ab1–40 ﬁbrils propagated
through seeding to the Ab10–40 ﬁbrils, and is consistent with
the propagation of morphology observed via EM. Chemical
shifts similar to those of sample 5 and the Ab1–40 sample
were also found in the spectrum of sample 3, which was
grown under agitated conditions similar to those used origi-
nally for the growth of Ab1–40 ﬁbrils (9). Although samples
3 and 5 and Ab1–40 exhibited similar 2D fpRFDR spectra,
samples 1, 2, and 4 each exhibited a unique set of chemical
shifts.
Two-dimensional RAD spectra, such as those in Fig. 6,
reveal information about tertiary structure within the amyloid
ﬁbrils. In the structural model for Ab1–40 amyloid protoﬁl-
aments developed in 2002 by Petkova et al. (8), each peptide
molecule contains two b-strand segments (residues 9–23 and
30–40), separated by a bend or loop segment (residues 24–
29) that allows side chains in the two b-strands to make
contact with one another. In this model, side chains of F19
residues are within 10 A˚ of side chains of I31. When this
model was developed, no direct evidence was available for
side-chain contacts in the interior of the protoﬁlament, other
than measurements of 15N-13C nuclear magnetic dipole-
dipole couplings that indicated the presence of a salt bridge
between oppositely charged side chains of D23 and K28
(8,9). For all Ab10–40 ﬁbril samples, 2D RAD spectra contain
crosspeaks between the spectrally isolated aromatic 13C
signals from the F19 side chain and methyl sites on other
labeled residues. This observation, and the measured 13C
chemical shifts of carbonyl and a- and b-carbon sites, which
mostly indicate b-strand conformations, are generally con-
sistent with the pattern for peptide secondary structure pro-
posed previously (8).
Crosspeaks between F19 aromatic 13C signals and 13C
signals from other labeled side chains are described in more
detail in the one-dimensional slices of 2D RAD spectra
shown in Fig. 7, which are expansions of the aliphatic
regions (10–70 ppm). These data indicate sample-dependent
variations in speciﬁc side-chain proximities to F19. In Fig. 7,
the one-dimensional spectra of aliphatic-to-aromatic corre-
lations are divided into two groups, depending on whether
FIGURE 4 Illustration of 13C NMR chemical shift assignment strategy,
using the 2D fpRFDR spectrum of sample 5. Strong crosspeaks (symmetric
about the diagonal) are due to exchange of nuclear spin polarization between
directly bonded 13C atoms, allowing chemical shift assignment through
comparison with known bonding patterns in the labeled residues. Additional
peaks, due to MAS side bands of the carbonyl and aromatic resonances, are
marked with an asterisk. Below the 2D fpRFDR spectrum are horizontal
slices taken at the speciﬁed frequencies, shown to demonstrate the signal-to-
noise ratios. The 2D fpRFDR spectra were acquired at a 150.7 MHz 13C
NMR frequency, with a 20 kHzMAS frequency and a 3.2-ms mixing period.
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the F19 side chain was close to I31 or L34. The most notable
difference between spectra in Fig. 7 is in the breadth of the
peak near 25 ppm. The spectra on the left (samples 1, 2, and
4) show a narrow peak centered just below 26 ppm, whereas
the spectra on the right (samples 3, 5, and Ab1–40) show a
broad peak between 22 and 26 ppm. The data on the left
indicate proximity between F19 atomatic carbons and the I31
Cg, with additional correlations to I31 a, b, and d carbons
near 59, 38, 14, and 12 ppm, respectively. For the spectra on
the right side of Fig. 7 (Ab1–40 ﬁbrils and Ab10–40 samples 3
and 5), the broad peak between 22 and 26 ppm is due to
overlapping contacts to L34 g and d carbons, indicating
proximity between F19 and L34 side chains. In these
samples, correlations between F19 aromatic carbons and the
a and b carbons on L34 are not visible outside the noise. The
lack of F19 contacts to a and b carbons of L34 is consistent
with the low intensity of the contact to L34 Cg and Cd, given
that the latter peak is due to contributions from three L34
carbon atoms. The distinct visibility of every F19–I31 con-
tact for the data on the left side of Fig. 7 suggests that F19
may be closer to I31 in samples 1, 2, and 4 than to L34 in
samples 3, 5, and Ab1–40.
Aromatic contacts from sample 5 (Fig. 7, right) contain
weak I31 signals. Since these I31 peaks are shifted from the
strongest I31 signals in the 2D fpRFDR specta, they are
likely to represent minority ﬁbril structures. Sample 2 shows
a slight broadening of the aromatic contact near 26 ppm that
could indicate a minority structure with F19–L34 proximity.
Hydration does not affect Ab10–40 ﬁbril structure
The spectra from samples 2, 4, and 5 in Fig. 5 were obtained
from hydrated ﬁbrils, i.e., ultracentrifuge pellets placed
directly into MAS NMR rotors. The remaining spectra are
from lyophilized ﬁbril samples. Fig. 8 compares the aliphatic
regions of 2D fpRFDR spectra from sample 5, in both ly-
ophilized and hydrated states. We observed no effect (esti-
mated error ;0.25 ppm) of lyophilization on the 13C NMR
chemical shifts, indicating that lyophilization induces no
detectable structural changes in Ab10–40 ﬁbrils. Hahn echo
measurements of 13C spin-spin relaxation showed little effect
of hydration on carbonyl and Ca relaxation times (hydrated
ﬁbrils: carbonyl T2 ¼ 9.1 6 0.2 ms, Ca T2 ¼ 3.4 6 0.4 ms;
lyophilized ﬁbrils: carbonyl T2 ¼ 9.76 0.5 ms, Ca T2 ¼ 3.4
6 0.4 ms), suggesting that hydration has little effect on
backbone mobility. Lyophilization did result in broadening
of methyl carbon 13C NMR lines by 1–2 ppm, and a marginal
broadening of ;0.3 ppm of other lines. The signiﬁcant
narrowing of methyl 13C NMR lines results in the appear-
ance of additional two-bond crosspeaks in the 2D fpRFDR
spectrum of hydrated ﬁbrils in Fig. 8. Despite the narrower
NMR lines from hydrated samples, NMR experiments on
hydrated ﬁbrils required more signal averaging due to the
presence of less material in the NMR rotor. We also com-
pared NMR measurements of hydrated and lyophilized
ﬁbrils from samples 2 and 4, and obtained similar results (not
shown).
DISCUSSION
Analysis of structural variations
The NMR chemical shifts (Table 2) and 2D RAD contacts
(Fig. 7) from all Ab10–40 ﬁbril samples are consistent with
the structural motif (two b-strand regions brought into
proximity by a ‘‘bend’’ or ‘‘loop’’ region) proposed in the
previous structural model for Ab1–40 amyloid protoﬁlaments
(8), but the data also indicate signiﬁcant structural deviations
within this motif. The chemical shifts of carbonyl and a- and
b-carbons from F19, A30, I31, and L34 were found to be
mostly consistent with b-strand backbone conformations
FIGURE 5 Aliphatic regions of 2D fpRFDR spectra for
each Ab10–40 ﬁbril sample (samples 2, 4, and 5 were
hydrated, the others lyopholized). Also shown is the
spectrum of Ab1–40 ﬁbrils similar to those used to seed
sample 5, which included an additional 13C/15N uniformly
labeled residue at M35, and hence extra NMR signals at
52.6, 35.1, and 29.9 ppm. The ‘‘3’’ marks indicate
crosspeak positions for the Ab1–40 spectrum, and are
included as a reference in all spectra. The number in the
lower right of each spectrum is the root-mean-squared
deviation of peak positions (ppm) from those of corre-
sponding Ab1–40 ﬁbril signals, calculated for the aliphatic
region of the 2D fpRFDR spectrum. The circled V24 Cb-
Cg crosspeaks exhibit signiﬁcant variability between
samples, and are also a good point of comparison. Aside from
differences in signal averaging time, all spectra were ac-
quired under identical experimental conditions.
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(as an exception, some I31 Ca signals were less shifted from
the random coil value than expected). V24 and G25 carbonyl
and a- and b-carbon signals were not generally consistent
with b-strand conformations, and showed larger variations
in chemical shift from sample to sample; these residues may
be in the non-b-strand ‘‘bend’’ or ‘‘loop’’ region predicted by
the structural model. Away from the peptide backbone, the
largest sample-dependent deviations in chemical shift were
observed for the methyl carbons of L34 and I31 (L34 Cd, I31
Cg, and Cd); these signals are likely to depend more on
environment than on backbone conformation. Each spectrum
in Fig. 5 is most easily distinguished from the others by the
compound lineshape of the V24 Cb-Cg crosspeak and the
positions of the I31 and L34 methyl carbons.
Long-range correlations probed through 2D RAD exper-
iments indicate variations in side-chain contacts within the
ﬁbrillar hydrophobic core (Figs. 6 and 7). Within the folded
b-strand structural motif for Ab amyloid ﬁbrils, F19 is part
of the b-sheet formed by residues 9–23, and L34 and I31 are
on opposite faces of the b-sheet formed by residues 30–40.
The Ab1040 ﬁbril samples exhibiting F19–I31 proximity
may possess structures that are consistent with the previous
TABLE 2 Chemical shifts (ppm relative to tetramethylsilane) for all 13C-labeled sites in all samples
Residue Sample CO Ca Cb Cg Cd
F19
Ab1–40 169.7 54.8 40.7 (136.5, 134.9) 128.7
1 170.6 56.0* 42.0 136.0 129.1
2 (h) (169.8, 170.8) (54.0, 54.7) 42.1 (133.9, 135.3) 129.5
3 169.9 54.5 (41.7, 40.1) 136.1 129.3
4 (h) 170.5 54.5 40.6 137.0 128.8
5 (h) 170.1 55.0 41.5 (136.1, 134.5) 129.5
Random coil 174.1 56.0 37.9 137.2 130.2, 129.8, 128.2
V24
Ab1–40 173.9 58.5 (31.0*, 30.9*, 31.5*) (18.7, 20.3, 19.4) –
1 174.1 (58.9, 59.3) (33.1, 30.8*) 19.2, 20.3 –
2 (h) 174.8* (57.4, 58.8) (32.5, 31.1*) 17.9, 18.8 –
3 173.2 58.5 (30.5*, 32.7) 18.8, 19.1 –
4 (h) 173.9 56.6 34 20.7 –
5 (h) 174.0 58.5 (30.9*, 31.9) (17.9, 20.0, 19.4) –
Random coil 174.6 60.5 31.2 18.6, 19.4 –
G25
Ab1–40 170.6 46.7* – – –
1 171.9 45.2* – – –
2 (h) 171.1 47.5* – – –
3 169.8 46.2* – – –
4 (h) 171.6 47.3* – – –
5 171.6 47.3* – – –
Random coil 173.2 43.4 – – –
A30
Ab1–40 172.7 (48.2, 49.8) (21.1, 19.1, 20.3) – –
1 174.0 49.0 20.1 – –
2 (h) (172.8, 174.0) (49.0, 48.4) (19.8, 20.9) – –
3 172.7 48.6 (19.1, 20.9) – –
4 (h) 172.2 48.6 19.5 – –
5 (h) 172.2 48.6 19.5 – –
Random coil 176.1 50.8 17.4 – –
I31
Ab1–40 172.2 59.0* (38.0, 38.4) (26.3, 25.7) (17.4, 15.2) 11.5
1 172.6 59.4* 38.8 26.3, 16.4 12.5
2 (h) (172.5, 173.0) (59.6*, 59.0*) (37.0*, 38.2) 25.6 15.9 (10.4, 12.2)
3 172.0 58.8 (38.0, 38.5) 25.5 15.2 (11.6, 14.1)
4 (h) 171.6 58.6 38.4 25.6 16.5 12.9
5 (h) 172.5 58.9 38.3 (25.8, 26.6) (17.7, 15.9) (11.9, 14.1)
Random coil 174.7 59.4 37.1 25.5, 15.7 11.2
L34
Ab1–40 171.5 52.2 44.2 25.9 25.8, 24.6
1 171.8 52.8 45.0 26.9 26.2, 25.0
2 (h) 170.8 52.2 43.8 26.2 22.4, 23.8
3 171.4 52.0 44.0 25.8 23.1, 24.1
4 (h) 171.5 52.7 45.8 26.7 25.1, 22.3
5 (h) 171.7 52.1 43.9 26.3 26.2, 23.8
Random coil 175.9 53.4 40.7 25.2 21.6, 23.2
Values in parentheses indicate more NMR lines than corresponding 13C-labeled sites, suggesting the presence of multiple structures within a sample, and are
reported in order of decreasing peak intensity. The parenthetical ‘‘h’’ indicates that values were obtained from 2D fpRFDR spectra of hydrated samples.
Chemical shifts marked with asterisks are not consistent with a b-strand conformation (b-strand conformations are indicated by deviations of at least 0.5 ppm
from the random-coil shifts, negative for CO and Ca and positive for Cb). Random coil values are taken from Wishart et al. (45), adjusted to the
tetramethylsilane reference by subtraction of 1.7 ppm.
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structural model, which predicts that both side chains will
be within the hydrophobic core (8). In contrast, proximity
between F19 and L34 detected in other Ab10–40 samples
requires a reversal of the orientation of the b-sheet formed by
residues 30–40 relative to that of the b-sheet formed by
residues 9–23, such that L34 rather than I31 is within the
hydrophobic core. Such a large variability in molecular struc-
ture between samples illustrates the nonspeciﬁc nature of the
hydrophobic interactions that stabilize ﬁbrillar assemblies.
This observed variability is consistent with the ﬁndings of
Shivaprasad and Wetzel, who used cysteine double mutants
of Ab1–40 to show that the ability to form amyloid ﬁbrils was
eliminated neigher by cross-linking between residues 17 and
35 nor by cross-linking between residues 17 and 34 (20).
The 2D fpRFDR and 2D RAD NMR data together indi-
cate that some sets of samples possessed similar molecular
structures, whereas other samples possessed unique molec-
ular structures. Sample 5 showed the best spectral similarity
to Ab1–40 (from which it was seeded) in terms of 2D
fpRFDR-derived peak positions and lineshapes, as well as
2D RAD aromatic contacts (F19–L34). Some spectral dif-
ferences, such as sharpening of the A30 Ca-Cb crosspeak
into a symmetric peak could be explained by sharpening of
NMR lines via hydration of sample 5. Sample 3 also exhib-
ited similar chemical shifts and 2D RAD aromatic contacts to
sample 5 and Ab1–40, suggesting that seeding is not a require-
ment for formation of Ab10–40 ﬁbrils of this structure. In
contrast to the samples showing F19–L34 side-chain prox-
imity, the samples 1, 2, and 4 each showed different 2D
fpRFDR spectra, and must each represent a unique molecular
structure. Sample 4 is easily distinguished from the other
samples through the V24 signals, which are consistent with
b-strand secondary structure. This difference in the confor-
mation of the turn region is likely due to protonation of the
E22 side chain (pKa  4.4 in unstructured peptides) at low
pH (see Table 1). Sample 2, which was grown under
TABLE 3 Linewidths (full width at half maximum, in ppm) for all 13C-labeled sites in all samples
Residue Sample CO Ca Cb Cg Cd
F19
1 1.6 2.0 2.8 2.1 1.4
2 (h) (1.1, 2.2) (0.9, 1.05) (1.2, 2.2) (1.6, 1.6) 1.9
3 2.2 2.1 (1.9, 1.4) 1.7 2.5
4 (h) 1.4 1.2 1.4 2.0 3.0
5 (h) 1.3 2.2 2.9 (1.3, 1.6) 1.3
Ab1–40 3.3 2.2 2.6 (1.6, 2.6) 2.1
V24
1 3.0 (1.8, 2.2) (2.4, 2.2) (3.2, 4.1) –
2 (h) 1.4 (1.1, 1.0) (1.7, 2.5) (1.5, 1.8) –
3 3.5 1.6 (2.6, 1.9) 3.8, 3.1 –
4 (h) 1.8 0.9 1.3 2.0 –
5 (h) 1.5 1.9 (1.8, 1.5) (1.1, 1.3, 3.4) –
Ab1–40 2.2 1.4 (1.3, 1.2, 4.4) (1.3, 1.2, 3.3) –
G25
1 3.0 5.6 – – –
2 (h) 1.7 1.3 – – –
3 2.1 2.0 – – –
4 (h) 2.0 1.2 – – –
5 (h) 1.9 1.6 – – –
Ab1–40 1.7 1.6 – – –
A30
1 1.6 1.6 2.7 – –
2 (h) (1.2, 1.5) (1.5, 1.0) (2.9, 1.6) – –
3 2.6 2.3 (2.8, 1.7) – –
4 (h) 1.6 1.1 2.0 – –
5 (h) 1.8 1.5 1.6 – –
Ab1–40 2.0 (1.6, 1.6) (1.0, 7.6, 3.2) – –
I31
1 1.1 1.6 1.7 1.5, 1.9 2.5
2 (h) (1.4, 2.8) (0.8, 1.4) (1.0, 1.2) 1.5, 1.2 (1.2, 2.3)
3 1.4 2.3 (1.4, 2.9) 2.0
3.5
(2.1, 1.7)
4 (h) 1.5 1.0 1.4 1.1, 1.4 1.1
5 (h) 1.4 1.6 2.1 (1.9, 1.4), (1.0, 2.3) (1.5, 2.0)
Ab1–40 1.7 1.7 (1.3, 2.4) (1.2, 2.3), (1.4, 3.3) (1.1, 2.6)
L34
1 1.1 1.6 1.8 1.9 5.1, 1.2
2 (h) 1.6 1.4 1.3 1.0 0.7, 2.8
3 2.4 2.0 2.8 2.7 2.7, 1.0
4 (h) 1.3 1.1 1.1 1.1 1.1, 1.1
5 (h) 2.1 1.5 2.0 1.9 1.8, 2.6
Ab1–40 2.1 1.7 2.6 2.1 1.5, 2.5
The parenthetical ‘‘h’’ indicates that values were obtained from 2D fpRFDR spectra of hydrated samples. Values enclosed in parentheses indicate more NMR
lines than corresponding 13C-labeled sites, suggesting the presence of multiple structures within a sample, and are reported in order of decreasing peak intensity.
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quiescent conditions, exhibited the most disorder in the 2D
fpRFDR NMR spectrum, with the lowest signal-to-noise
ratios and the greatest tendency to show multiple NMR
signals for single labeled sites (see Tables 2 and 3).
Variations in molecular structure were accompanied by
variations in ﬁbril morphology observed by EM (Fig. 1).
Previous work suggests that amyloid ﬁbrils that exhibit
similar morphologies may have similar underlying atomic
structures (9). The untwisted dominant ﬁbril morphology of
sample 5 is consistent with that of the ‘‘agitated’’ Ab1–40
ﬁbrils with which growth of sample 5 was seeded (9); under-
lying atomic-level structural similarity was conﬁrmed through
2D fpRFDR NMR spectra. Other samples with a similar un-
twisted dominant morphology were samples 3 and 4. Sample
4 exhibited NMR chemical shifts similar to those seen in
sample 5, but sample 3 did not. One morphological param-
eter distinguishing different untwisted ﬁbrils is the degree of
lateral association of multiple subunits per ﬁbril (see Table
1). Predominantly twisted ﬁbrils were observed in samples
1 and 2, each of which showed a distinct set of NMR chem-
ical shifts. Different twisted ﬁbril morphologies can be dis-
tinguished through differences in twist period and the width
of subunits. The greatest variety of chemical shifts and ﬁbril
morphologies within a single sample was observed in sample
2, suggesting that quiescent conditions promote the propa-
gation of multiple types of ﬁbrils.
Insights into ﬁbril formation processes
A solution of mature amyloid ﬁbrils is the product of three
general processes inﬂuencing ﬁbril formation. First, ﬁbril
formation requires that dissolved peptide molecules initially
aggregate into critical nuclei (41). These critical nuclei must
then grow into ﬁbrils by addition of new peptide molecules.
As ﬁbril growth continues, kinetics could accelerate if prop-
agating amyloid ﬁbrils were to break apart and increase the
number of sites available for addition of new peptide (42).
FIGURE 6 2D RAD spectra from samples 1 (right) and 5 (left). Below
each spectrum is a horizontal cross section at the frequency of maximal
aromatic intensity. The peaks in these cross sections marked by arrows
indicate sample-dependent proximities between side chains of F19 and other
isotopically labeled residues. Spectra were acquired at a 150.7MHz 13C NMR
frequency, with an 18.3-kHz MAS frequency and a 500-ms exchange period.
FIGURE 7 One-dimensional (sum of horizontal and vertical) slices
through 2D RAD spectra. The top spectra on the left and right are slices
through the I31 and L34 Ca peak positions, respectively. All other spectra
are slices through the frequencies of maximal aromatic intensity (see Fig. 6),
for samples 1, 2, and 4 on the left,and Ab1–40 and samples 3 and 5 on the
right. Spectra on the left show F19–I31 correlations, whereas those on the
right show F19–L34 correlations. The vertical lines indicate peak positions
for I31 or L34 13C-labeled sites, which vary between samples. Unmarked
peaks near 48 ppm, 42 ppm, and 20 ppm are assigned to carbonyl MAS
sidebands, F19 b-carbons, and A30 methyl carbons, respectively. Aside
from differences in signal averaging time, all spectra were acquired under
identical conditions.
FIGURE 8 Aliphatic regions of 2D fpRFDR spectra for sample 5 in
lyophilized form (left) and in fully hydrated form (ultracentrifuge pellet,
right). Below are horizontal slices at the speciﬁed NMR frequencies.
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The variety of ﬁbrillar atomic structures and morphologies
measured here is evidence that critical nuclei can be formed
with numerous molecular structures. The speciﬁc ﬁbril struc-
ture and morphology that eventually dominates a solution is
likely to depend on the effects of solution environment on
nucleus formation and propagation.
The inﬂuence of subtle environmental factors on ﬁbrillar
growth, structure, and morphology can be easily seen through
the effects of solution agitation (e.g., shaking or sonication)
during ﬁbril formation. In unseeded ﬁbril preparations, agi-
tation accelerated growth kinetics and favored the dominance
of a single ﬁbril type. The most highly disordered sample
analyzed here, sample 2, was grown under quiescent con-
ditions. This sample exhibited a variety of ﬁbril morphol-
ogies (variable twist periods) when probed by EM, and the
greatest disorder in the NMR spectra (multiple NMR signals
for each of many 13C labeled sites; see Table 2). Though
ﬁbril growth kinetics were not quantitatively monitored,
periodic AFM and EM measurement of sample 2 after pep-
tide dissolution indicated that ﬁbrils in this solution grew
slowly over months. In contrast, sample 1, which was soni-
cated continuously for several minutes, was found to be
heavily ﬁbrillar immediately after sonication. Samples 3 and
4, which were grown on an orbital shaker, developed mature
ﬁbrils within a few days. All agitated samples showed more
structural order (via NMR) and less morphological hetero-
geneity (via EM) than the quiescent ﬁbrils.
Several factors could account for the effect of solution
agitation on ﬁbril morphology. Increased possibility for
interactions with the walls of the container or with the air-
water interface through increased solution surface area and
enhanced molecular transport could have promoted alterna-
tive pathways for ﬁbril nucleation. In previous studies of
Ab1–40 ﬁbrils (9), pretreatment of Ab1–40 with hexaﬂuoro-
isopropanol or sodium hydroxide did not affect the depen-
dence of ﬁbril morphology on agitation. Since we did not
employ such methods for dissociating preformed peptide
aggregates in our studies of Ab10–40, it is possible that all
observed ﬁbrils propagated from different ﬁbril nuclei ini-
tially present upon solution preparation. During subsequent
ﬁbril propagation, shear stresses induced by agitation pro-
vided a means of breaking apart growing ﬁbrils; agitation
could thus have preferentially accelerated growth of ﬁbrils
that fragmented more easily. A better understanding of ﬁbril
nucleation and growth would require techniques to evaluate
initial distributions of ﬁbril seed structures, and structure-
sensitive measurements of growth kinetics.
Ab10–40 ﬁbrils are not water-ﬁlled
The absence of 13C NMR chemical shift differences between
fully hydrated and lyophilized Ab10–40 ﬁbrils (observed
from samples 2, 4, and 5) is strong evidence that bulk water
does not play a signiﬁcant role in b-amyloid ﬁbril structures.
It appears unlikely that these ﬁbrils are water-ﬁlled nano-
tubes, as suggested by Perutz et al. (34). Removal of bulk
water did not produce detectable changes in peptide back-
bone or side-chain conformations. The only detected effect
of lyophilization was the broadening of some 13C NMR
lines, particularly from side-chain methyl carbons, which we
attribute to reduced motional narrowing and hence increased
inhomogeneous broadening in the lyophilized state. The lack
of bulk water in the Ab10–40 ﬁbril structure may be due to the
hydrophobic nature of the majority of ﬁbril-stabilizing inter-
actions; the ﬁbrils analyzed by Perutz et. al. are believed to
be stabilized by glutamine polar zippers (34) and may thus be
more likely to include bulk water, but Chan et al. have shown
that lyophilization also does not affect NMR chemical shifts
in ﬁbrils formed by residues 10–39 of the Ure2p yeast prion
protein, which has a sequence rich in asparagine and gluta-
mine residues (43).
General implications
The data presented above extend our understanding of amy-
loid ﬁbril formation by the Alzheimer’s b-amyloid peptide in
several ways: 1), The EM, AFM, and solid-state NMR data
clearly show that the Ab10–40 sequence is capable of forming
amyloid ﬁbrils with multiple morphologies and molecular
structures, as has been shown previously for the full-length
Ab1–40 sequence. Polymorphism in Ab1–40 ﬁbrils is there-
fore not attributable to the N-terminal segment, which is the
most disordered segment in the ﬁbrils (8,32). Instead,
polymorphism in Ab1–40 and Ab10–40 ﬁbrils is a property
of the more structurally ordered part of the sequence, most
likely reﬂecting multiple alternatives for the packing and
interactions of side chains within the core of the ﬁbril with
similar free energies. 2), Variations in contacts between the
F19 side chain and aliphatic side chains in residues 30–40,
revealed by the 2D RAD spectra, support the idea that
polymorphism results at least in part from variations in
interactions between side chains at the interfaces between
b-sheets. The F19–L34 contacts observed in samples 3 and 5
are consistent with b-sheet contacts identiﬁed in the cross-
linking studies of Wetzel and co-workers (20), but the F19
I31 contacts observed in samples 1, 2, and 4 indicate an
alternative set of b-sheet contacts. 3), Although 13C NMR
linewidths for certain Ab10–40 ﬁbril samples are slightly re-
duced relative to linewidths for Ab1–40 ﬁbrils, the differences
are small. Thus, although one of the original motivations
for the studies discussed above was to produce better-
ordered ﬁbrils with sharper solid-state NMR signals, we ﬁnd
that the degree of residual structural disorder in residues 10–
40 is not strongly affected by the presence or absence of the
disordered N-terminal segment. The main effect of deleting
the N-terminal segment in our experiments is to reduce the
initial solubility of Ab10–40 relative to that of Ab1–40. It has
been shown that amyloid plaques in human Alzheimer’s
disease contain b-amyloid peptides with N-terminal trunca-
tions (44). Although it is not known whether N-terminal
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truncation occurs before or after plaque formation, the pos-
sibility exists that N-terminal truncation by proteases ac-
celerates plaque formation in Alzheimer’s disease (4). The
ability of Ab1–40 ﬁbril fragments to act as seeds for Ab10–40
ﬁbril growth, with preservation of ﬁbril morphology and
molecular structure, is consistent with residues 1–9 being
disordered and positioned outside the ﬁbril core. Moreover,
the seeding ability seems to indicate that residues 1–9 are
disordered even at the ends of Ab1–40 ﬁbril fragments, where
the peptide conformations and intermolecular interactions
may be different from those in the interior. If residues 1–9
were part of an ordered structure at the ﬁbril fragment ends,
then binding of Ab10–40 molecules to the ends, which is
presumably a prerequisite for seeded ﬁbril growth, might be
energetically or kinetically unfavorable.
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